Abstract. An improved tree-ring dating method able to detect and count tree-ring boundaries from images of wood cross sections is introduced. It can also be developed to analyze tree-ring features in future research. This proposed method first uses hue saturation intensity (HSI) color to get rid of the blue background to obtain the region of interest, the wood section. Then, using the watershed method and the window method, sapwood and heartwood regions are segmented, and the segmented image is dichotomized by the method, followed by cross calibrated miss detection correction to add missed rings. In order to reduce the fallout ratio, a method based on distance limitations is also utilized. In this way, the total number of the tree-rings are finally counted. A pilot study was conducted using seven images from an online library and five scanned images of Pinus massoniana wood discs provided by Zhejiang A&F University. Experimental results show that this method can be used to count ring numbers even when the color difference of sapwood and heartwood is distinct, and is able to correct the miss and fallout detection errors, increasing the accuracy of tree-ring dating.
Introduction
This paper describes a semi-automated, computerized tree-ring image analysis method for dendrochronology. It is based on cooperative work between Zhejiang University and Zhejiang A&F University. This method is able to detect and count tree-ring boundaries from images of wood cross sections. It can also be developed to analyze tree-ring features in future research.
Tree-rings, also known as annual rings and growth rings, can be seen in a horizontal cross section cut through the trunk of a tree. 1 Through the study of tree-rings, previous research is able to speculate on local precipitation and climatic conditions, 2, 3 or even forest fires, early frosts, and chemical composition absorbed from the surrounding environment. 4, 5 Therefore, identification of trees' growth rings not only detects the tree's age, but also helps us understand the natural environment, and to predict future climate change.
Generally, experts use width, density and reflection methods to measure and analyze tree-rings. The width method refers to where researchers use simple measuring tools to get tree-ring width data to cross date and analyze climate change. 6, 7 The density method is the use of the cell diameter and cell wall thickness as indicators to analyze the density of tree growth in the environment. 8, 9 The reflection method is a simple replacement of the density method. 10, 11 Among these three methods, the width method is most commonly used.
Dendrochronology based on computer vision has been studied for years. Solllie proposed the gray-scale morphological approach to process the scanned images of fir discs. This algorithm is able to automatically detect the area between two rings. 12 Chanwimaluang et al. proposed an edge detection method to detect the growth of teak and pinecone rings. 13 However, most experts in China still use a traditional tree-ring detection method, the manual observation method, to assist their research. One reason is that the previously mentioned methods 12, 13 cannot be used in certain conditions, for example, when there is distinct color difference between sapwood and heartwood. The other reason is that the price of advanced equipments is always high. As a result, experts normally draw two perpendicular lines through the pith of the tree and count the number of treerings from the pith to the bark in four directions, as shown in Fig. 1 . They have to observe and measure with the naked eye, measure with a magnifying glass, or use a microscope, therefore this method is labor-and time-intensive, subjective, and the measuring results dependent on the experience and operational level of the expert. Therefore, an improved method to count tree-ring numbers based on computer vision technology is needed. This will contribute to the future study of tree-rings as well as other relevant research.
In summary, past research focuses on images of tree-rings possessing certain uniform color. In other word, few studies have focused on the problem that occurs when the color difference between sapwood and heartwood is distinct. Also, past research preferred to use more advanced equipment or develop methods of image preprocessing to obtain more accurate data. Studies on miss and fallout correction have not been seriously attempted.
The purpose of this paper is to detect and count tree-ring boundaries from images of wood cross sections. This computer vision method saves much manpower and time to observe and count rings. Our proposed method firstly segments the heartwood and sapwood parts (this method can be used whether there is distinct color difference between sapwood and heartwood or not), then dichotomizes the two parts, and finally use cross calibrated miss detection correction and distance limitation fallout correction methods to increase the accuracy of tree-ring dating.
Proposed Algorithm
This method of tree-ring image analysis based on computer vision is shown in Fig. 2 . Main steps are as follows:
Image Capture
Sample images are available in online libraries provided by Joseph Morlier (http://www.mathworks.com/matlabcentral/ fileexchange/11978-idel) shown in Fig. 3 . Testing images in Figure 12 of the III Experimental Validations were scanned images of Pinus massoniana wood discs provided by Zhejiang A&F University.
Background Segmentation
In this step the wood and the blue background are segmented. For the purpose of recognizing the blue background, the habitat suitability index (HSI) transformation method 14 is adopted, as this is a common method used to recognize color, which depends on the hue, saturation, and intensity values. The conversion formula is shown in Eq. (1).
max ¼ maxðR; G; BÞ; min ¼ minðR; G; BÞ:
In the formula above, the hue value 'H' indicates the sensory experience of different colors, such as red, green, and blue. The saturation value 'S' represents the purity of color. Pure spectral color is fully saturated, and the saturation can be diluted by adding white light. The greater the saturation, the brighter the color will be. The intensity value 'I' corresponds to the image brightness, which represents the light level of the color. Each point has its red, green and blue values. Max and min represent the maximum and minimum value of the three values, respectively.
Sapwood and Heartwood Segmentation
After background segmentation, the wood section (the region of interest) is extracted from the blue background. Then the color images in Fig. 3 are processed to gray-scale images, as shown in Fig. 4 . After that, using the window method and the watershed method, the boundary's gray value can be obtained. As a result, the sapwood and heartwood are segmented, shown in Fig. 5 . Two main steps are described as follows: Optical Engineering 077202-2 July 2012/Vol. 51 (7) (1) Grayscale operation: The grayscale formula is shown in Eq. (2), and the grayscale image is shown in Fig. 3 .
grayðx; yÞ ¼ 0.3Rðx; yÞ þ 0.59Gðx; yÞ þ 0.11Bðx; yÞ:
In this formula, grayðx; yÞ means the grayscale image after processing. Bðx; yÞ, Gðx; yÞ and Rðx; yÞ stands for the blue, green, and red color component. (2) Window method and watershed method: After the grayscale operation, a window (Window A) is set through the center of the wood disc, as shown in Fig. 6 . Then the histogram of this window is drawn in Fig. 7 (x represents the gray value raging from 0 to 255 and y represents the number of points which have the gray value of x). It can be seen clearly that there is a watershed between the two waves in the histogram. To find the x value of valley in Fig. 7 , we calculate how many times the y (i) is less than y (j). j is from i-10 to i þ 10. If it's more than 16 times, we define that it reaches the valley point when x equals to i. Y (i) is the boundary's gray value between sapwood and heartwood. By repeating this method in four directions, additional sapwood and heartwood boundaries can be determined, as shown in Fig. 5 . When the colors of sapwood and heartwood are uniform, the black region in the green ring becomes a point.
Binarization of the Sapwood and Heartwood Regions Respectively with the OTSU Method
The goal of the OTSU method is to calculate the threshold of a connected region, with which to get the binary image. Suppose that for region S, the pixel grayscale range is [0,255] and t is the threshold value of this image. The average gray value of foreground is u0 and the probability of points with the gray value larger than t is w0. The average gray value of background is u1 and the probability of points with the gray value less than t is w1. Then the average gray value (u) and the variance of foreground and background (g) are calculated, as shown 15 in Eq. (3). When g reaches its maximum value, t is defined as the threshold value of this image. The image after binarization is shown in Fig. 8 .
Watershed Detection
For more convenient counting and higher detection accuracy, forestry workers generally use the cross-calibration approach in manual counting, as shown in Fig. 1 . Following this method, a user needs to draw four lines from the center in random directions. In order to reduce the work of Optical Engineering 077202-3 July 2012/Vol. 51 (7) users, it is designed in such a way that a user needs to draw only one test line from the pith to the bark with the mouse in the binary image obtained in step 2.4. Then the system will automatically generate another three test lines following a clockwise direction, shown as a "cross" illustrated in Fig. 9 . With the watershed method, the histogram of the four lines is recorded afterwards. Finally, the number of peaks in the histogram is counted with the watershed method to detect the position of a ring line marked in green, as shown on the left in Fig. 10 .
Miss Detection Correction of the Tree-Rings
The coordinates of the tree-rings for four directions are obtained in Step 2.5 (the coordinates of the green points). The distances are calculated from each point to the center, and then normalized. As shown in Eq. (4), R½i means the distance between the number i green point to the center point, x c and y c are the coordinates of the center point, x e and y e are the coordinates of the edge points, and the normalized radius of the largest distance is set to 100.
The results of normalization of the radius in Fig. 9 (a) and 9(b) are shown in Table 1 . The value in this table is the distance between each point and the center point (normalized to 100).
In the ideal case, assuming that after the radius normalization, the tree-rings are a set of concentric circles. Selecting the column with the most data (in Table 1 as the base line, for example, line 3 has the most data in this table); the data of the other three columns are used to cross reference the base column in the case of miss detection. The method is as follows: obtain the data of the other three columns and compare it with the corresponding coordinate data in the basic column. If the absolute difference is greater than the threshold value, then store the value (marked in bold in Table 1 ). For example, 94.5 is in the first column. The first step is to find the nearest number in column 3, which is 92.1. The second step is to subtract 94.5 from 92.1; the answer-2.4-is larger than the threshold value (set to 1.5). Therefore, the color of 94.5 is bold. As a result, by adding these missed points in bold to the base column (nonbold), the miss correction is made and the number of tree-rings is 31, shown in Table 2 .
To better explain this method, data in Tables 1 and 2 are shown in Fig. 11 . In this figure, horizontal coordinates represent the number of detected points and vertical coordinates represent the distances between these points and the original point. The points marked with red circles are the data in bold in Table 2 . These are the missed points, which should be added to the points in the base line (line 3 in this example). As shown in Fig. 10(a) and 10(b) , the left picture and the right picture show the images before and after the correction. The test line that has the largest number of green points of the four is marked with red dots, and these are the missed points. 
Fallout Correction of the Tree-Rings
After miss correction of the tree-rings, it is observed that some points are quite near to each other, and are actually the same point. In this case, the excess points should be eliminated with the fallout correction.
The common feature of these points is that they have very close distances, so it will be effective if the distance between two adjacent rings is set as a limiting factor. As shown in Fig. 12, A's coordinates are (x1, y1) , and C's are (x2, y2). First, save all the distances between the detected points in Line AC (point B is any measured point along the radial line AC) by the watershed method in step 2.5 to point A to an array, as well as all the distances between the additive points by miss correction method in step 2.6 to point A. Then, sort the array. If the distance of two adjacent points is less than the threshold value (the default value of 1.5 is set by the user), one of them should be eliminated.
Experimental Validations
Based on the algorithm proposed above, the tree-rings of the image database are detected, including seven sample images from online libraries (http://www.mathworks.com/ matlabcentral/fileexchange/11978-idel) and five scanned images of P. massoniana wood discs provided by Zhejiang A&F University. The results are shown in Fig. 13 , in which the marked black points stand for the final detected rings. By counting these black points, the age of the tree disc is determined. Table 3 lists the detection value before and after the miss and fallout correction of the five images of P. massoniana wood discs. The manual detection values are listed as the standard value. At the same time, the results of CooRecorder 7.5 TRIAL, a software program for dating the tree-rings (http://www.cybis.se/forfun/dendro/index.htm), are listed. The results of this software can be manually modified to Optical Engineering 077202-6 July 2012/Vol. 51 (7) increase accuracy, but the results in Table 3 are those that only use "AutoPlate" function without manual modification. From Fig. 11 and Table 3 , we can see the improvement of this method from both vision and data. In Fig. 14 , we compare the advantages and disadvantages of manual detection, computer vision method before correction, and computer vision method after correction and other method (http:// www.cybis.se/forfun/dendro/index.htm) from four aspects. (time-consumption, accuracy, ability to recognize sapwood and heartwood and ability to handle large batches of tasks).
Conclusion
In this paper, we propose an improved method to detect and count tree-ring boundaries from images of wood cross sections. Wood disc tree-rings have distinct color difference between sapwood and heartwood, and in the past these could not be binarized. Therefore we adopt grayscale features for region segmentation. Meanwhile, we implemented miss and fallout correction methods to add or delete some tree-rings, according to a tree-ring width feature. Experimental results show that tree-rings can be counted even when sapwood and heartwood have distinct color differences. Additionally, the dating results can be corrected according to the color and width feature of tree-rings. This method can also be developed to analyze tree-ring features in future research or date dense tree-rings. In future work, other algorithms for image enhancement could be used to increase the detection accuracy.
